Preterm birth impacts brain development and leads to chronic deficits including cognitive delay, behavioral problems, and epilepsy. Premature loss of the subplate, a transient subcortical layer that guides development of the cerebral cortex and axonal refinement, has been implicated in these neurological disorders. Subplate neurons influence postnatal upregulation of the potassium chloride co-transporter KCC2 and maturation of γ-amino-butyric acid A receptor (GABA A R) subunits. We hypothesized that prenatal transient systemic hypoxiaischemia (TSHI) in Sprague-Dawley rats that mimic brain injury from extreme prematurity in humans would cause premature subplate loss and affect cortical layer IV development. Further, we predicted that the neuroprotective agent erythropoietin (EPO) could attenuate the injury. Prenatal TSHI induced subplate neuronal loss via apoptosis. TSHI impaired cortical layer IV postnatal upregulation of KCC2 and GABA A R subunits, and postnatal EPO treatment mitigated the loss (n ≥ 8). To specifically address how subplate loss affects cortical development, we used in vitro mechanical subplate ablation in slice cultures (n ≥ 3) and found EPO treatment attenuates KCC2 loss. Together, these results show that subplate loss contributes to impaired cerebral development, and EPO treatment diminishes the damage. Limitation of premature subplate loss and the resultant impaired cortical development may minimize cerebral deficits suffered by extremely preterm infants.
Introduction
Premature birth remains a leading cause of lifelong chronic neurological deficits including cerebral palsy (Hack and Costello 2008) , epilepsy (Crump et al. 2011 ) and cortical visual impairment (Fazzi et al. 2009 ). The most common and debilitating deficits are the cognitive (Orchinik et al. 2011; Marret et al. 2013) and behavioral abnormalities such as autism (Limperopoulos et al. 2008) , anxiety, hyperactivity and inattention (Scott et al. 2012) , which are all critically dependent on adequate function of cerebral cortical circuits (Volpe 2009a; Kostovic et al. 2012) . Infants born extremely preterm are also more likely to experience cumulative deficits contributing to the life-long burden of disability. A better understanding of the mechanisms of abnormal cerebral circuit formation in the developing central nervous system (CNS) in the context of preterm birth and prenatal brain injury is imperative to devise rational use of existing and emerging therapeutic interventions.
The subplate is a transient, highly dynamic and complex cerebral cortical layer between the underlying white matter anlage and the overlying cortex and is integral to cerebral circuit formation (Kostovic and Rakic 1980; Ghosh and Shatz 1993; Kanold and Luhmann 2010) . The relative prominence of the subplate in monkeys and humans compared with other species supports the importance of the subplate in cognition and behavior (Molnar and Clowry 2012) . In humans, the subplate is maximal at ∼25-week gestation and recedes by 6 months postnatally (Kostovic and Rakic 1990; Kostovic et al. 2012) , corresponding to the time when infants born very preterm are most vulnerable to CNS injury from late gestation, peripartum, and neonatal complications (Volpe 1996) . The subplate is comprised of axons, glia, extracellular matrix, migrating neurons, and subplate neurons (Vasung et al. 2010) .
Subplate neurons guide the development of the overlying cortex and refinement of white matter axonal pathways (Kanold and Shatz 2006; Kostovic et al. 2012) . They are lost with brain injury from very preterm birth in human infants (Kinney et al. 2012) , and this loss has been proposed to contribute to encephalopathy of prematurity (Volpe 1996; Leviton and Gressens 2007; Miller and Ferriero 2009; Kostovic et al. 2012 ). Following extremely preterm birth, loss of subplate neurons in the frontal lobe especially, where the subplate has the most prominent and prolonged existence in humans (Kostovic and Judas 2010; Kostovic et al. 2012) , likely contributes to impaired cerebral function, including impaired cognition and behavior. These neurons are also central to the development of initial inhibitory circuits in the developing visual cortex as the brain begins to respond to environmental stimuli (Aboitiz et al. 2005; Kanold and Shatz 2006; Kanold 2009 ) and guide cortical circuit development by promoting the upregulation of layer IV potassium chloride co-transporter 2 (KCC2) (Kanold and Shatz 2006) . Subplate neurons excite cortical layer IV neurons, and the developmental increase in KCC2 expression is likely driven by neuronal activity (Ludwig et al. 2003; Rivera et al. 2004) . As functional KCC2 expression increases in the early postnatal period, chloride is extruded (Rivera et al. 1999) , and the local microdomain of the neuronal membrane is hyperpolarized (Chamma et al. 2013 ). This presence of KCC2 in cortical layer IV facilitates the switch of responses to GABA from excitatory to inhibitory, resulting in fast inhibition of pyramidal neurons, and refinement of cortical inhibitory circuits (Daw et al. 2007 ).
KCC2 upregulation with development is also closely integrated with the maturation of GABA A receptor subunits (Kanold and Shatz 2006; Huang et al. 2013) . As a consequence of their molecular heterogeneity and subunit specificity, synaptic and extrasynaptic GABA A Rs mediate phasic and tonic inhibition. Different subunit compositions allow diverse channel kinetics and agonist affinities and facilitate membrane targeting and regulation (Farrant and Nusser 2005; Balia et al. 2013) . Most synaptic GABA A Rs in neurons are assembled from a combination of α-and β-subunit variants with the γ 2 subunit; γ 2 is essential for clustering of the functional receptor at the postsynaptic site (Essrich et al. 1998; Schweizer et al. 2003; Balia et al. 2013) . GABA A R subunits α 1 , α 2 and γ 2 are the predominant developmentally regulated subunits on cortical interneurons in layer IV (Kanold and Shatz 2006) . It has been postulated, but not shown, that the subplate is similarly responsible for guiding cortical interconnectivity in the frontal and central cortical regions as well as the visual cortex (Volpe 1996; Kostovic et al. 2012) .
Premature loss of subplate neuronal input into the developing cortex from brain injury associated with preterm birth may contribute to the cerebral dysfunction in preterm infants. However, this hypothesis has not yet been tested in a clinically relevant model of extreme preterm birth, equivalent to birth before 28 weeks of gestation. Postmortem studies of human infants born preterm show that loss of KCC2 expression occurs with pathological evidence of white matter injury, but not in aged-matched uninjured controls . Further, toxic ablation of subplate neurons causes loss of targeting of thalamocortical neurons (Ghosh et al. 1990 ) and cortical layer IV KCC2 and impaired maturation of GABA A R in visual cortex (Kanold and Shatz 2006) . Perinatal brain injury from unilateral carotid ligation plus hypoxia at postnatal day 1-2 demonstrated that subplate neurons are especially vulnerable to hypoxic-ischemic injury (McQuillen et al. 2003) and that this insult impairs visual cortical plasticity (Failor et al. 2010) . Here, using an established model of transient uterine artery occlusion on embryonic day 18 (E18) in Sprague-Dawley rats that mimic the pathological changes observed in encephalopathy from extremely preterm birth and cause sustained functional deficits in adult rats including a lower seizure threshold and impaired motor performance Mazur et al. 2010) , we tested whether loss of subplate neurons from prenatal injury disrupts postnatal upregulation of functional membrane-bound KCC2 oligomers and maturation of GABA A R subunits. We demonstrate that prenatal transient systemic hypoxia-ischemia (TSHI) induces in vivo loss of the subplate with elevated apoptotic cell death in subplate neurons, disrupts the cortical layer IV developmental upregulation of KCC2, maturation of developmentally regulated GABA A R subunits, and induces significant functional impairment. Mechanical ablation of the subplate and closely adjacent white matter in slice cultures caused similar loss of layer IV KCC2 expression. Moreover, treatment with the neuroprotective agent erythropoietin (EPO) in a clinically relevant postnatal dosing paradigm restores KCC2 expression both in vitro and in vivo, mitigates GABA A R developmental subunit dysregulation, and reverses motor deficits. These results suggest that altered expression of KCC2 and GABA A R subunit maturation is responsive to postnatal interventions and supports the premise that EPO may be an effective therapy for brain injury associated with very early preterm birth.
Materials and Methods
Transient Systemic Hypoxia-Ischemia A summary of the experimental design is presented in Figure 1A . Prenatal TSHI was performed on embryonic day 18 (E18, equivalent to ∼25 weeks of human gestation), which is after thalamic axons arrive in the subplate on E16 (Kostovic and Judas 2010), but before subplate neurons stimulate cortical layer IV on E21 (Kanold and Luhmann 2010) . All procedures were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals and with the approval of the Institutional Animal Care and Use Committee at Boston Children's Hospital. Under isoflurane anesthesia, a laparotomy was performed on pregnant Sprague-Dawley rats on E18 . Uterine arteries were transiently occluded for 60 min. After 60 min of anesthesia, the laparotomy was closed. For sham controls, the laparotomy was performed and uterine horns were exposed for 60 min, but the arteries were not clamped. Thus, all dams experienced an equivalent time of anesthesia and laparotomy. Pups were born at term (E22), after subplate neurons have innervated cortical layer IV on E21 (Kostovic and Judas 2010) , and pups matured with their respective dams until tissue was collected at the ages noted for each experiment. Fetal loss was 23% and 0% after TSHI and sham controls, respectively. Both male and female pups were used in the study, and gender and weights were recorded at P28, the time when the majority of the subplate has receded in rats (Robertson et al. 2000) . No gender differences were observed in any of the investigated parameters.
Erythropoietin Administration
Each TSHI litter was randomly divided into half, and pups received either EPO (2000 U/kg/dose, Tissue Grade, R&D) or vehicle (sterile saline) intraperitoneally once a day in a clinically relevant, delayed neonatal dosing paradigm from postnatal day 1 (P1) to P5 (Mazur et al. 2010) . Previous work demonstrated that sham-EPO-treated pups were similar to sham-vehicle (Mazur et al. 2010 ).
Immunohistochemistry
Serial 20-μm coronal brain sections were cut on a cryostat (Leica) from the anterior frontal lobes through the posterior extent of the dorsal hippocampus. Every 8th section was collected and mounted on slides. Sections were incubated in a blocking solution containing 10% Normal Goat Serum. The transcription factor Nurr1 (nuclear receptor-related 1) labels the subplate in the perinatal period in rodents and humans (Arimatsu et al. 2003; Hoerder-Suabedissen et al. 2009 ). For P2 Nurr1 immunolabeling (sham: n = 6, TSHI: n = 5), after blocking, antiNurr 1 antibodies (1:150, Santa Cruz) were incubated overnight on sections at 4°C. The following day, sections were washed, incubated sequentially with appropriate secondary antibodies, Vectastain (Vector), and diaminobenzidine, and mounted with Permount. For P15 KCC2 immunolabeling (sham: n = 5, TSHI: n = 6, TSHI + EPO: n = 4), sections were incubated with anti-KCC2 antibodies (1:500, Millipore) overnight. The following day, sections were washed and incubated with biotinylated anti-rabbit secondary antibodies (1:200, 1 h RT, Vector), followed by fluorescein-conjugated avidin (1:2000, 1 h RT, Vector). Sections were then washed and coverslipped in an aqueous, DAPI-containing mounting medium. Images were acquired on a Zeiss LMS510 META 2-Photon Confocal microscope and a Leica DM500B Fluorescent microscope using a 40× objective.
Stereological Estimates
All sections were coded prior to analysis to blind the observer performing the counting. A Leica microscope with a motorized stage and electronic microcator was used with Stereologer software (Stereology Resource Center) to perform the analyses.
Estimates of the number of subplate cells were obtained on P2 (sham: n = 6, TSHI: n = 5) 20-µm coronal sections using a thin section modification of the optical fractionator method to determine cell load using object area fraction and region point counting probes (Gundersen et al. 1988; Mouton et al. 2002) . Briefly, the subplate was defined for this analysis as the band of cells between layer VI of the cortex and the white matter (Fig. 1B) . The medial border of the region of interest (ROI) was congruent with the junction of M1 and M2 of the motor cortex. The lateral border was defined as the primary somatosensory cortex junction between the forelimb and the upper lip. The anterior margin was congruent with the fusion of the intermediate lateral septal nuclei (Bregma 1.2 mm), and the posterior margin was the anterior boarder of the internal capsule (Bregma 0.0 mm). The volume of the ROI was calculated using the Cavalieri method. On every 8th section, the software superimposed a lattice of regularly spaced plus-signs over the ROI, and the ROI was outlined. Then, under high magnification, the number of cells within systematically spaced unbiased sampling frame was counted. At the completion of the stereological analyses, the samples were decoded, and mean and standard error of the mean (SEM) of the subplate volume and the number of subplate cells were calculated. Multiple unbiased sampling frames were counted on an average of four sections containing the ROI/group. All coefficients of error values for the stereological estimates were <10%.
TUNEL Staining and Neuronal Labeling
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was performed as per the manufacturer's specifications using a TMR-Red In Situ Cell Death Detection Kit (Roche) (sham: n = 3, TSHI: n = 4). Briefly, P2 sections were washed and blocked as described earlier and incubated with anti-NeuN antibodies (1:100, Millipore) overnight in a cold room. NeuN is a specific marker of neuronal nuclei. The following day, sections were washed and species appropriate secondary antibodies (anti-mouse IgG Alexa-Fluor 488) were applied for 1 h. Following washes, sections were incubated in cold sodium citrate buffer for 2 min and washed, after which TUNEL enzyme solution was applied and incubated at 37°C for 1 h. Sections were then coverslipped with a mounting media containing DAPI before imaging.
ImageJ Quantification of KCC2 Immunolabeling
All sections were coded prior to analysis to blind the observer performing the imaging. Ten images of P15 cortical layer IV cortex were taken per animal on a Leica DM5000B microscope at 40× magnification (sham: n = 5, TSHI: n = 6, TSHI + EPO: n = 4). Images were recorded at the same exposure and contrast levels by a single observer. Using ImageJ Version 1.46r, the immunolabeling was framed using a rectangular selection. Mean pixel intensity was determined using the Measure tool. Pixel intensity was then divided by the area of the rectangular selection to determine intensity density (area of the rectangular selection did not vary with group). Intensity density was averaged across groups.
Western Blots
To quantify oligomeric KCC2 and GABA A R subunit expression following prenatal brain injury, cortical layer IV samples at P11 and P28 were microdissected under a dissecting microscope and membrane fractions isolated and assayed with western blots (n > 6 per group). Layer IV was identified visually and in reference to the distance from the pial surface (Paxinos and Watson 1998; Takayama and Inoue 2010) (Fig. 1B) . For P11 brains, layer IV samples from two pups were pooled, due to the limited tissue available from layer IV in each animal. After sonication, membrane and whole cell proteins were isolated using differential centrifugation in sucrose containing buffers and a Bradford protein assay was performed. Thirty micrograms of protein was loaded on 4-20% precast Tris-HCl (BioRad) gels. Following transfer to PVDF membranes, membranes were blocked and incubated overnight at 4°C in anti-KCC2 (1:1000, Millipore), anti-GABA A Rα1 (1:1500, Millipore), anti-GABA A Rα2 (1:500, Millipore), GABA A Rγ2 (1:750, Millipore), or anti-β-Tubulin (1:15,000, Covance) antibodies. Following washes and incubation with species-appropriate HRP-conjugated secondary antibodies, membranes were washed and incubated in FemtoWest ECL (Thermo) and developed on a GE-LAS 4000 Digital image reader. Resultant bands were quantified using GE ImageQuant software and standardized to β-tubulin to correct for equal loading among lanes. To confirm specificity of Layer IV microdissections, western blots for RORβ (1:1000, Diagenode), a specific transcription factor expressed in Layer IV cortical neurons, were performed (Fig. 1C) .
Slice Culture and In Vitro Subplate Ablation
Coronal 350-µm slices were collected using a vibratome (Leica) from P4 sham and TSHI brains. Each experiment was performed a minimum of 3 times using a total of eight brains per condition and 3 slices per insert. Slices were placed on PTFE inserts (0.4 µm pore, 30 mm diameter, Millipore) and where indicated, mechanically ablated under a dissecting microscope just dorsal to the periventricular white matter using Dumont superfine #5 forceps. Ablation was successful 100% of the time as judged by complete severance of the subplate neuronal layer and visual confirmation of the PTFE insert underneath. We specifically performed ablation in slices collected from the anterior half of the developing rat brain with prominent subplate corresponding to Bregma 2.28 to Bregma −3.34. Mechanical ablation mimics not only the loss of subplate neurons but also the alterations in axons, migrating neurons, glia, and extracellular matrix that occurs in vivo, similar to the structural loss observed in humans following extremely preterm birth (Kostovic et al. 2012) . Intact and ablated slices were then incubated overnight in basal media with 15% fetal calf serum to equilibrate. On Day 1 in vitro (DIV) 1, media was changed to serum free with brain-derived growth factor (BDNF) (100 ng/mL, Prospec), K252a (0.2 µM, Tocris), EPO (10 U/mL, R&D Tissue Grade), polyclonal Erythropoietin receptor (EPOR)-neutralizing antibodies (1:50, SantaCruz) or polyclonal isotype control antibodies (1:50, Santa Cruz). Microdissected Layer IV was then collected 48 h following the administration of pharmacological agents and snap-frozen (DIV 3, P7 equivalent).
Motor Function
On P28 the ambulatory gait of sham control (n = 18), TSHI (n = 14), and TSHI + EPO (n = 12) rats were quantified using the DigiGait™ Imaging System (Mouse Specifics, Inc.). Rats were placed on a motorized transparent treadmill that was rapidly accelerated to 30 cm/s. A video camera mounted below the belt captured the ventral side of each rat while walking. Total time of recording was ∼1 min. The recorded output of stride length and step frequency was analyzed using the DigiGait analysis software v.12.2 (Mouse Specifics, Inc., Amende et al. 2005 ). All DigiGait testing was performed in a blinded fashion, and all settings, including camera, lighting, shutter and belt speed, were optimized before experimental testing. Data were taken as the average measurement taken across the respective hind left and right limbs (Paumier et al. 2013; Hansen and Pulst 2013) .
Quantification and Statistical Analysis
Data are presented as mean with SEM. Statistical analyses comparing TSHI and sham groups were done using a two-sample two-tailed student t-test assuming unequal variance, with a significance level of P < 0.05. Differences among treatment groups were compared using two-way ANOVA with Bonferroni's correction for multiple pairwise comparisons using SPSS 21 (IBM), with P < 0.05 considered significant.
Results

Prenatal TSHI Induces Loss of Subplate Neurons via Apoptosis
Using stereological techniques, we estimated the load of Nurr1 immunolabeling on postnatal day 2 (P2). Prenatal TSHI induces a 45% reduction of Nurr1+ load within the subplate (n = 5), compared with sham controls (n = 6, P = 0.012) ( Fig. 2A,B) . Additionally, the number of NeuN+/TUNEL+ cells within the subplate at P2 is markedly elevated following prenatal TSHI (n = 4), compared with shams (n = 3, P = 0.019) (Fig. 2C,D) , indicating that prenatal TSHI causes premature loss of the subplate, including excess apoptotic cell death of subplate neurons.
EPO Mitigates Layer IV KCC2 Loss Following Prenatal TSHI and Subplate Damage
To investigate the implications of subplate loss following prenatal TSHI on cortical development in vivo, we examined the postnatal expression of KCC2 and GABA A R subunits in cortical layer IV. Brains from prenatal TSHI pups treated with vehicle (TSHI-veh) show limited expression of KCC2 in cortical layer IV compared with shams (Fig. 3A) . In contrast, brains from prenatal TSHI pups treated with EPO (TSHI-EPO) had restoration of transporter puncta on cell membranes. Quantification revealed a marked decrease in KCC2 immunoreactivity in cortical layer IV of TSHI-veh brains (n = 6, 22.5 ± 1.1 arbitrary units) compared with shams (n = 5, 27.4 ± 0.5, two-way ANOVA, P = 0.001), whereas TSHI-EPO pups showed increased KCC2 immunoreactivity (n = 4, 26.8 ± 0.2 arbitrary units) compared with TSHI-veh pups (P = 0.006), and levels similar to shams (Fig. 3B) .
Functional KCC2 activity has been suggested to correlate with membrane-bound oligomer expression (Blaesse et al. 2006) . Consistent with the critical period of inhibitory circuit development and our pilot studies, the most prominent difference in layer IV oligomer KCC2 expression between TSHI-injured and sham controls was observed at P11. After TSHI-veh, KCC2 cortical layer IV oligomer levels on P11 were reduced by 33% (n = 28, 0.66 ± 0.02) compared with shams (n = 28, 1.02 ± 0.04, P < 0.001, Fig. 3C ). Postnatal EPO treatment elevated KCC2 oligomer expression following TSHI, compared with TSHI-veh brains (n = 8, P = 0.037). At P28, cortical layer IV KCC2 oligomer levels in TSHI-veh brains were still reduced by 24% (n = 14, 0.76 ± 0.037), compared with shams (n = 18, 1.00 ± 0.04, P = 0.008, Fig. 3D ). In contrast, cortical layer IV KCC2 oligomer levels in TSHI-EPO pups (n = 6, 1.15 ± 0.07) were similar to control levels, and markedly higher than TSHI-veh pups (P < 0.0001). These data show that prenatal TSHI on E18, after thalamic afferents have arrived in the subplate on E16 but before the innervation of cortical layer IV on E21, delays the upregulation of cortical layer IV KCC2 expression throughout the neonatal period up to P28, approximately the time the subplate recedes in rats (Robertson et al. 2000) . Furthermore, early postnatal treatment with EPO following prenatal TSHI mitigates impaired KCC2 expression, consistent with the concept that the cortical development is a highly dynamic process during this critical period. postnatally with age, whereas α 2 levels decrease (Jansen et al. 2010; Balia et al. 2013) . We assayed GABA A R subunit levels at P11, near the midpoint of the period of GABA subunit maturation when TSHI-induced loss of cortical layer IV KCC2 oligomers is most prominent, and at P28 after the completion of GABAergic signaling development and subplate recession. At P11, GABA A Rγ 2 levels were reduced in TSHI-veh layer IV (n = 28, 0.85 ± 0.03) compared with shams (n = 26, 1.0 ± 0.02, P = 0.002, Fig. 4A,D) . Treatment with EPO elevated TSHI GABA A Rγ 2 levels (n = 18, 1.04 ± 0.05) compared with TSHI-veh pups (P < 0.001), and TSHI-EPO levels were similar to sham controls. At P28, the injury-induced changes in GABA A Rγ 2 had resolved. These data suggest that although transient, GABA A Rγ 2 maturation is responsive to mechanisms of injury and restoration by neuroprotective agents.
In contrast to GABA A Rγ 2 levels that rise postnatally, GABA A Rα 2 levels decline with maturation. At P11, layer IV GABA A Rα 2 levels remained higher in TSHI-veh pups (n = 16, 1.21 ± 0.04) compared with sham controls (n = 20, 1 ± 0.06, P = 0.002, Fig. 4B,D) , indicative of delayed subunit maturation. EPO treatment following prenatal TSHI normalized GABA A Rα 2 levels (n = 16, 1.04 ± 0.04) compared with TSHI-veh pups (P < 0.001, Fig. 4B,D) . By P28, injury-induced differences in GABA A Rα 2 levels had resolved, similar to the GABA A Rγ 2 subunit levels, suggesting that the prenatal injury transiently delays the maturation of the GABA A R subunits. At P11, no difference in expression of cortical layer IV GABA A Rα 1 was observed between TSHI-veh and shams. However, at P28, GABA A Rα 1 levels were diminished by 16% in TSHI-veh pups (n = 15, 0.84 ± 0.03) compared with shams (n = 11, 1.0 ± 0.03 Fig. 4C,D) , although this reduction failed to reach statistical significance. Postnatal EPO treatment following prenatal TSHI restored cortical layer IV GABA A Rα 1 levels (n = 5, 1.23 ± 0.18) compared with TSHI-veh (P = 0.003), supporting the γ 2 and α 2 Figure 3 . Erythropoietin treatment attenuates KCC2 loss on layer IV cortical neurons following prenatal TSHI. (A) Representative confocal images showing TSHI-veh pups have reduced KCC2 immunoreactivity on layer IV cortical neurons at P15 compared with both sham and TSHI-EPO pups. (B) Quantitation of KCC2 intensity density confirms reductions in KCC2 immunolabeling following TSHI-veh (n = 6) compared with shams (n = 5, P = 0.001) and that postnatal EPO administration attenuates this loss (n = 4, P = 0.006). (C) Western blots of layer IV microdissected membrane fractions showing oligomeric KCC2 expression is lost in TSHI-veh animals at P11 (n = 28) compared with sham KCC2 expression (n = 28, P < 0.001), and postnatal treatment with EPO mitigates the loss of KCC2 (n = 8, P = 0.037). (D) TSHI induces sustained loss of oligomeric KCC2 protein expression through development because at P28, TSHI-veh KCC2 is still reduced (n = 14) compared with sham (n = 18, P = 0.008) and TSHI-EPO pups (n = 6, P < 0.0001).
Measurements represent values relative to sham (*P < 0.05. **P < 0.01, ***P < 0.001).
findings that EPO-treatment influences GABA subunit maturation after prenatal injury and can restore the normal GABA subunit developmental program.
Subplate Loss Directly Impacts Cortical Layer IV KCC2 Expression
To specifically test the impact of premature subplate loss, we mechanically ablated the subplate and closely adjacent white matter on P4 (Fig. 5A) . In sham slices, subplate ablation caused a 22% reduction in cortical layer IV KCC2 oligomer expression (0.78 ± 0.08, n = 8 samples pooled from three slices per animal), compared with intact slices (1.0 ± 0.06, n = 9, one-way ANOVA, P = 0.048, Fig. 5B ). To determine whether EPO treatment altered KCC2 expression in vitro, EPO (10 U/ mL) was added to cultures. Addition of EPO to intact slices produced only a mild (13%) increase in cortical layer IV KCC2 oligomer expression (1.13 ± 0.14, n = 5). However, addition of EPO to sham slices with subplate ablation showed a marked increase in cortical layer IV KCC2 expression compared with ablated sham slices without EPO (1.16 ± 0.14, n = 7, P = 0.001). To test the specificity of the EPO signaling on layer IV KCC2 levels, neutralizing EPO receptor antibodies were added. In sham slices with ablated subplate treated with EPO, KCC2 oligomer levels were reduced in the presence of EPOR antibodies (0.29 ± 0.05, n = 5) compared with slices with similar conditions without the EPOR antibodies (P = 0.001). In contrast, addition of isotype control antibodies did not impact KCC2 oligomer levels (0.89 ± 0.12, n = 3). As BDNF has been previously reported to influence KCC2 levels (Rivera et al. 2002) , we applied BDNF to our slice cultures. During development, BDNF can increase KCC2 expression (Ludwig et al. 2011) , whereas after injury in the mature CNS, BDNF reduces KCC2 expression (Rivera et al. 2002; Boulenguez et al. 2010) . In sham slices with subplate ablation, addition of BDNF (100 ng/ mL) increased KCC2 oligomer expression to near the levels observed in intact slices (1.10 ± 0.12, n = 6, P = 0.03). Addition of K252a (0.2 µM), a tyrosine kinase inhibitor and indirect TrkB receptor blocker, inhibited the BDNF-induced elevation of KCC2 oligomer expression. In contrast, addition of K252a to ablated sham slices treated with EPO had no impact on KCC2 oligomer expression (1.42 ± 0.14, n = 3) compared with sham slices with similar subplate ablation and EPO alone, suggesting that the EPO treatment effect on KCC2 level restoration is mediated by a BDNF-independent mechanism. Similar to our findings of cortical layer IV KCC2 loss in vivo following TSHI on E18, culture of slices from TSHI brains showed a 33% reduction in cortical layer IV KCC2 oligomer expression (0.68 ± 0.13, n = 7) compared with slices from sham controls in similar conditions (P < 0.01). In slices from TSHI brains, mechanical subplate ablation in vitro at P4 did not alter layer IV KCC2 expression at P7 equivalent (1.19 ± 0.09, n = 5) compared with intact TSHI slices (1.0 ± 0.03, n = 7, P > 0.05), unlike the sham slices with subplate ablation described earlier. Interestingly, addition of EPO (10 U/mL) to cultures from TSHI pups increased cortical layer IV KCC2 oligomer expression in both intact slices (1.37 ± 0.08, n = 3) and in slices with mechanical subplate ablation (1.53 ± 0.27, n = 3), when compared with intact TSHI slices without EPO (1.0 ± 0.03). These results suggest that prenatal TSHI induces alterations in the developing brain that are mimicked by mechanical subplate ablation. 
EPO Restores Functional Gait Impairment Following Prenatal TSHI
To assess EPO's putative ability to reverse functional deficits, we investigated whether prenatal TSHI caused gait abnormalities, common deficits observed in children born preterm. At P28, TSHI-veh animals had decreased stride length (6.35 ± 0.51 cm, n = 14) compared with sham controls (8.86 ± 0.35, n = 18, P < 0.001, Fig. 6A ), concomitant with increased stepping frequency Arrows indicate subplate lying between white matter anlage and overlying cortex, with both white matter and cortex identified. Bar = 1mm (upper) and 100 μm (lower). (B) Western blots performed on layer IV microdissected from acute sham slices show that oligomeric KCC2 expression is decreased following mechanical subplate ablation (n = 9), compared with intact slices (n = 8, P = 0.048) and that application of EPO to ablated slices attenuates this loss (n = 7, P = 0.001). Co-incubation of EPO receptor-neutralizing antibodies with EPO prevents the restoration of KCC2 expression following mechanical ablation (P = 0.001), whereas co-incubation with isotype control antibodies does not (n = 3). Addition of BDNF confirms that KCC2 loss following ablation can be mitigated by growth factors (n = 6, P = 0.03). EPO is unlikely to be protective through a TrkB-dependent mechanism as co-application of EPO with K252a (n = 3), a protein kinase inhibitor that acts immediately downstream of BDNF binding to its receptor TrkB, does not attenuate EPO's protective effects on KCC2 levels. Measurements represent values relative to intact slice cultures. (C) Western blots performed on microdissected layer IV indicate that KCC2 levels are unchanged following mechanical subplate ablation in TSHI slices (n = 5), compared with intact slices from TSHI brains (n = 7) (*P < 0.05, **P < 0.01).
(5.28 ± 0.49 steps/s vs. 3.58 ± 0.19, P < 0.001, Fig. 6B ). Importantly, TSHI-EPO rats had stride length (8.71 ± 0.44 cm, n = 12) and step frequency (3.59 ± 0.24 steps/s) indistinguishable from shams. Together, these data indicate that in addition to restoring biochemical changes associated with TSHI, EPO also reverses chronic deficits in motor behavior.
Discussion
Neurologic and neuropsychiatric disorders associated with brain injury from preterm birth, including cerebral palsy, epilepsy, autism, cognitive and behavioral deficits, can be characterized by abnormal neuronal activity and hyperexcitability due to impaired cortical inhibition (Mathern et al. 2000; Lewis and Levitt 2002; Robinson et al. 2006; Kanold and Luhmann 2010) . Together with the data shown here, we propose that impaired cortical inhibition likely arises from altered excitatory and inhibitory circuit development and modified critical period plasticity secondary to injury to the subplate during a vulnerable developmental window. Subplate neurons form the first cortical circuits and enable functional circuit maturation (Kostovic and Rakic 1980; Kanold and Shatz 2006; Miller and Ferriero 2009 ). In humans, subplate neurons comprise up to half of the cortical neurons in the second trimester and gradually recede through the first 6 months of life (Kanold and Luhmann 2010; Kostovic and Judas 2010) , a critical neurodevelopmental period that coincides with the period of vulnerability of brain injury from preterm birth. Studies in visual cortex show that subplate neurons receive thalamic inputs and project into the developing cortical plate, predominantly to layer IV (Friauf and Shatz 1991) . After axons grow into layer IV, thalamocortical synapses and GABAergic circuits in layer IV are refined (Kanold and Shatz 2006) , and in the absence of subplate neurons, cortical connections are unrefined and immature (Kanold and Shatz 2006; Kanold and Luhmann 2010) . Interestingly, recent advances in human functional connectivity magnetic resonance imaging (fcMRI) show expanded fcMRI in somatosensory areas of the parietal cortex in children with spastic diplegia from prematurity compared with healthy age-matched controls, suggesting a similar lack of refinement in cortical networks (Burton et al. 2009) .
In this study, we demonstrate for the first time in a preclinical rat model that prenatal TSHI that mimics brain injury from human extremely preterm birth significantly reduces subplate Nurr1+ immunolabeling, a marker of subplate cells in humans and rodents (Wang et al. 2010) , and increases subplate neuronal apoptosis. We show that subplate loss occurs coincident with sustained loss of expression of KCC2 chloride transporters in cortical layer IV, beginning during the critical period of inhibitory circuit formation and extending through the childhood equivalent age of P28, together with disruption in the developmental maturation of GABA A Rα 1 , α 2 and γ 2 subunits and functional gait abnormalities. After birth, postsynaptic maturation of excitation and inhibition occurs through changes in the intracellular Cl − concentration mediated by the co-transporter KCC2 (Rivera et al. 1999) , and through coincident changes in membrane GABA A R subunit composition. KCC2 expression rises rapidly in the postnatal period in a regional pattern, primarily from caudal to rostral and ventral to dorsal (Kovacs et al. 2013) .
Prior studies indicate that ablation of subplate neurons at early ages, when inhibition is immature, prevents essential developmental increases in expression of KCC2 and a mature complement of GABA A R subunits (Kanold and Shatz 2006) . Together, these molecular and cellular changes manifest as electrophysiological abnormalities where GABAergic circuits remain depolarizing, are unrefined, and do not switch appropriately to the mature, hyperpolarizing state (Kanold and Shatz 2006) . Our data are consistent with these reports, as we find sustained loss of KCC2 and dysregulation of GABA A R subunit expression of γ 2 , α 2 and α 1 following prenatal brain injury. We show that cortical layer IV KCC2 and GABA A R mature subunit levels remain reduced through P28, whereas expression of immature GABA A R subunits is prolonged, likely reflecting impaired GABAergic transmission and diminished facilitation of inhibition in the developing brain following in utero hypoxic-ischemic injury. Our data indicate that prenatal global hypoxia-ischemia induces a significant decrease in γ 2 at P11, a deficit in protein expression that resolves by P28. While the loss of expression levels may be transient, the decreased expression at P11 coincides with decreased oligomeric KCC2 expression and is the midpoint of the critical period of inhibitory circuit development. Concomitant with this deficit in γ 2 subunit levels, we found an abnormal persistent increase in α 2 expression, suggesting deviation of the normal developmental program of GABAergic receptor maturation. Notably, a significant loss of expression of cortical and subcortical GABA and GABA receptors also occurs in neonatal preterm human brains with white matter lesions, in addition to oligodendrocyte loss, axonal disruption, and excess apoptosis (Robinson et al. 2006) , and may exacerbate abnormalities in cortical development due to subplate loss. Our data suggest that KCC2 expression and GABA A R subunit maturation are altered by prenatal injury, and more significantly, responsive to restoration by a neuroprotective agent. This response to EPO is the first time to our knowledge that KCC2 and GABA A R subunit levels have been modulated during postnatal development after injury in a preclinical rat model using a clinically relevant intervention, together with substantial improvement in motor behavior. Many theories have been proposed for the enhanced vulnerability of subplate cells, including early maturation, higher metabolic rate, susceptible intracellular matrix, and microenvironment (Kanold and Luhmann 2010; Kostovic and Judas 2010) . Subplate neurons have several properties that allow them to influence neuronal network activity and to assemble neighboring neurons into a local cluster by gap junctions (Dupont et al. 2006) . As mentioned earlier, damage to subplate neurons disrupts essential trophic support to GABAergic neurons and their migration to the cortical plate, and the development of inhibitory synapses in cortical layer IV. Further, damage to the individual subplate cells themselves impairs cell-cell and columnar communication through gap junctions and negatively impacts electrical and chemical coupling resulting in impaired synchronized oscillations (Dupont et al. 2006) . Our data indicate that mechanical ablation of subplate neurons and adjacent underlying white matter in acute brain slices significantly reduced layer IV KCC2 expression. This loss of KCC2 expression in vitro, similar to the loss observed following TSHI in vivo, was attenuated by postnatal administration of EPO, an effect blocked by co-incubation with EPOR-neutralizing antibodies but not nonspecific isotype controls. These data indicate failure of layer IV chloride co-transporter maturation following mechanical subplate ablation in acute slices from the developing brain and are consistent with prior findings that deletion or ablation of the subplate with toxin (Ghosh and Shatz 1992; Kanold and Shatz 2006) or its improper differentiation (Zhou et al. 1999 ) causes failure of inhibitory synapses maturation, inappropriate thalamocortical innervation, and prevents accurate formation of layer IV (Zhou et al. 1999; Hanganu et al. 2002; Kanold and Shatz 2006) . Subplate neurons may be especially vulnerable to hypoxiaischemia (Csillik et al. 2002; McQuillen et al. 2003; Albrecht et al. 2005) , and this vulnerability may be more pronounced in infants born prematurely (Volpe 1996; Volpe 2000; McQuillen et al. 2003; McQuillen and Ferriero 2005; Robinson 2005; Kostovic et al. 2012) . Subplate neurons are more prominent in species with increased radial and tangential cortical connectivity, including cats, monkeys, and humans, suggesting a role for these cells in the establishment of complex, higher-order processing capabilities and executive function (Mrzljak et al. 1988; Kostovic and Rakic 1990; Kostovic et al. 2002; Kostovic and Judas 2006) . In this context, the importance of the subplate to cerebral development in infants born preterm is supported by: (1) the subplate is present throughout the entire mid-fetal period through early infancy, (2) the subplate is the thickest cortical layer reaching its peak between 22 and 34 weeks of gestation, and (3) changes of the subplate and its neurons are major events during the perinatal and early postnatal reorganization of the developing cortex (Kostovic and Rakic 1980; Kanold and Luhmann 2010; Kostovic et al. 2012) . The data presented here show that in addition to the wellrecognized white matter injury that occurs in preterm infants (Kuban and Leviton 1994; Back 2001; Back et al. 2005; Volpe 2009b ), late gestation insults also cause injury to molecules essential for the development of cerebral cortical synaptic circuitry and organization such as KCC2 and GABA A R subunits.
The role of subplate damage following preterm birth has numerous implications for understanding pathophysiology of neurodevelopmental disorders and for rational design of clinically effective, age-appropriate therapies. In addition to cognitive deficits, preterm infants often suffer from spasticity, and recently, it has been proposed that prenatal subplate injury may contribute to motor deficits (Thomas et al. 2005; Burton et al. 2009; Hoon et al. 2009 ). Specifically, subplate injury may render the developing brain more reliant on intracortical instead of subcortical connections (Burton et al. 2009) . A breakdown in the topography within and between somatosensory and motor areas may contribute to motor deficits and reflect unregulated network expansions within and between brain regions (Burton et al. 2009 ). More extensive damage to the subplate might be greater in individuals with more severe motor deficits as a result of poorer functional connectivity (McQuillen and Ferriero 2005; Burton et al. 2009 ). More severe motor symptoms are often concomitant with cognitive deficits (Bax et al. 2005) , suggesting that cognitive deficits may result similarly from abnormal functional connectivity that disrupts defined links between cortical areas need for effective learning, attention, and executive function. Indeed, at P28, TSHI rats had significant gait deficits and motor impairment characterized by decreased stride length and increased step frequency, compared with sham controls. Moreover, treatment with EPO reversed these gait abnormalities in stride and cadence. Together, these results show that postnatal EPO treatment mitigated these biochemical and functional deficits, which suggest epoetin alpha may be a viable therapeutic strategy in this patient population. Furthermore, these findings suggest that cortical development is malleable and can be redirected toward a more normal trajectory.
In conclusion, the mammalian cerebral cortex is comprised of morphologically and functionally distinct areas, each of which is reciprocally interconnected. Thus, understanding the organization and development of cerebral connections and network formation is fundamental to elucidating higher cortical processing, including cognitive functions. The data presented here suggest that loss of expression of KCC2 is malleable, at least during a critical developmental window and that prenatal TSHI induces alterations in the developing in vivo brain that are mimicked by mechanical subplate ablation in slice culture. The putative clinical utility of EPO for neuroprotection in preterm neonates and other infants who suffer HI injury is high, in part because of EPO's multiple mechanisms of action. While it has previously been reported that EPO protects the CNS after injury (Viviani et al. 2005; Mazur et al. 2010; Hirano et al. 2012; Jantzie et al. 2013 ), EPO's role in attenuating loss of KCC2 chloride transporter expression and GABA A R subunit maturation along with reversal of gait abnormalities has not previously been described to our knowledge. High doses of EPO are approved under Investigational New Drug applications from the FDA for clinical trials in very preterm infants, term infants with HI encephalopathy, and infants 1-12 months old with acute severe brain injury. In adult humans, EPO improves cognition, executive functioning, and memory retrieval (Miskowiak et al. 2007; Miskowiak et al. 2008) , and EPO has an uncommon track record in that safety has already been tested in young, medically fragile neonates trials have shown that high EPO dosages are safe for preterm (Fauchere et al. 2008; Juul et al. 2008; McAdams et al. 2012 ) and term infants with brain injury (Elmahdy et al. 2010; Wu et al. 2012) . A Phase III trial to examine the neurodevelopmental impact of EPO treatment with respect to impact on death, disability (cerebral palsy and cognitive deficits), and MRI abnormalities in extremely preterm infants is underway (NCT01378273). In future studies, we will address the impact of prenatal injury on other subplate components, including axonal refinement, and different subplate neuronal populations that likely contribute to the balance of excitation and inhibition in the developing brain. While KCC2 loss and impaired GABA A receptor maturation are not the only factors that influence this balance, they are critical to disordered inhibition in the injured developing brain and appear responsive to neuroprotective strategies.
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